In 1937, S.L. Tuxen studied the animal community of hot springs in Iceland, and classified springs according to their relative temperature into cold, tepid, and hot. Eighty years after Tuxen's study, we revisited some of the hot springs in Skagafjörður, Northern Iceland. Our aim was to compare the invertebrate community of 1937 and today, and to assess the stability of hot spring habitats over the years. To test Tuxen's spring classification on an ecological basis, we furthermore collected chironomid larvae from 24 springs of a broad range of temperature, with samples taken both at the surface area of the spring and at the groundwater level. The chironomid species composition of hot springs differed from that of cold and tepid springs. Whereas Cricotopus sylvestris, Arctopelopia sp., and Procladius sp. characterised the chironomid community in Icelandic hot springs, cold and tepid springs were dominated by Eukiefferiella minor, Orthocladius frigidus and Diamesa spp. Community composition analyses and the exclusive occurrence of taxa in one of the temperature classes validated the ecological relevance of Tuxen's spring classification for the chironomid species community. Both environmental parameters and invertebrate community of Icelandic hot springs seem to be the same as 80 years ago. Although springs have the potential to provide stable habitats, they are currently under high anthropogenic pressure, and should be increasingly considered in nature conservation.
INTRODUCTION
Iceland's location on an up-welling mantle plume on the Mid-Atlantic ridge, where the Eurasian and American continental plates diverge (Sigmundsson and Saemundsson, 2008) , has promoted the formation of a high number of geothermal areas and hot spring systems throughout the island (Friðleifsson, 1979; Saemundsson, 1979; Einarsson, 1994; Torfason, 2003) . Volcanic activity has furthermore resulted in large extents of the country being covered in lava fields (Einarsson, 1994) . Groundwater seeps easily through the porous lava rock, leading to the formation of a multitude of cold springs. Despite the fact that cold springs in Iceland are used by humans for water supply, they have received relatively little attention by the scientific community and only few ecological studies on cold springs in Iceland have been published to this day (Govoni et al., 2018) .
Since the beginning of settlement of Iceland in the 9 th century, warm and hot springs have been used for bathing and washing. Records of hot springs used by humans can be found in the Icelandic sagas, e.g. Grettissaga. It is thus not surprising that hot spring research has a long history in Iceland. Most studies have focussed on geological and hydrological characteristics of hot springs and their classification based upon those characteristics (Schwabe, 1933; Þórarinsson, 1978; Friðleifsson, 1979) , whereas biological aspects of hot springs have been less studied.
Examples of the few faunistic inventories of hot spring communities in Iceland are those by Tuxen (1944) for Skagafjörður, N.-Iceland, and the Central Highlands, and Þórðarson (1981) for Borgarfjörður, W.-Iceland. Tuxen's work on hot spring animal communities has been quite influential and has been cited widely (e.g. Pritchard, 1991; Glazier, 2012) . The Danish biologist Søren Ludvig Tuxen stayed at the farm Maelifell in Skagafjörður, N.-Iceland from April to July 1937, and studied the springs in that area to "find out which were actually the animals characteristic of the hot springs and what were the external factors governing their life" (Tuxen, 1944, p. 3). Tuxen classified springs based on their temperature into "cold" (below or at the annual mean air temperature, in Iceland 2-4°C), "tepid" (above the annual mean air temperature but below the mean (Tuxen, 1944) . This classification does not take any biotic criteria into account, and may thus bealthough convenient and intuitive -not reflecting differences in community composition. Global climate change models predict an increase in the mean annual global surface temperature of 1-3.5°C during the next 80 years, with a more pronounced warming at higher latitudes (Hughes, 2000) . All terrestrial, marine, and aquatic ecosystems are likely to be or are already impacted by these temperature changes. Rare exceptions of these predictions could be groundwater-fed systems such as springs, which for the most part are independent of surface air temperatures (Holmes, 2000) . Springs are considered to be stable habitats with little fluctuation in environmental parameters (van der Kamp, 1995) . In a world of rapid changes in biodiversity, groundwater habitats and springs could actually represent systems little affected by global warming.
Together with climate change, changes in land and resource use such as the expansion of agricultural areas threatens natural habitats worldwide. Iceland is no exception. In the Southern lowlands of Iceland, area covered by wetlands declined by at least 77% between 1900 and 2010, while agricultural land has expanded 15-fold since 1913 (Wald, 2012) . Intensely farmed land shows for example a lower density of breeding waders compared to semi-natural and less intensely cultivated areas (Jóhannesdóttir, 2017) . These land use changes, in addition to an increase in industry (e.g., heavy industry and fish farming) and electric production (hydro and geothermal), along with an extreme growth in tourism in Iceland over the last few years, have put an ever increasing anthropogenic pressure on the Icelandic nature. In particular, sensitive habitats such as freshwater springs and geothermal areas are under severe threat of destruction by both physical (e.g., transformation into wells and boreholes, over-use as natural bathing pools, trampling of delicate vegetation in surrounding areas, draining of wetlands for expansion of agricultural land, lowering of groundwater table) and chemical impacts (mainly as excessive nutrient input). Special protection towards spring habitats is needed, as well as simple habitat classifications that can be used for conservation. To this end, we aim to i) validate the ecological relevance of Tuxen's spring classification, and ii) compare the hot spring animal communities in Iceland between 1937 and today.
METHODS
Based on the descriptions provided in Tuxen (1944) we located and sampled two of the hot springs, Hvammkotslaug and Maelifellslaug, in Skagafjörður, NIceland (Fig. 1) , whose invertebrate fauna and physical properties were studied in 1937 (Tuxen, 1944 In addition, 24 permanent springs with defined source openings were sampled in different parts of Iceland during the summers of 2015 and 2016 (Fig. 1) . The sites differed in water temperature (ranging from 3.8°C to 48.2°C at the source opening), spring type (rheocrene or limnocrene), and altitude (from 6m to 928m above sea level). At each site, invertebrate samples were collected from two locations: One directly from the upwelling groundwater at the source opening (in the following referred to as "source" sample), using electrobugging (Lento and Morin, 2014) in combination with a driftnet of 63 µm mesh size. Hereby both invertebrates floating free in the water as well as those on the substratum of the source were collected. The second sample was collected at the benthic substrate few meters downstream of the source (referred to as "surface" sample to indicate the more surface water characteristics of the location as opposed to the groundwater nature of the "source" sample), using a 0.093 m 2 Surber sampler with 63µm mesh. Water temperature and pH were measured with a multi-probe sonde (HYDROLAB DS5).
Invertebrate samples were stored in 70% ethanol and sorted under a low power microscope. Chironomid larvae were mounted on microscope glass slides and fixed in Hoyer's mounting medium (Anderson, 1954) . If chironomid number per sample exceeded 250, a subsample of 200 individuals was taken, otherwise all chironomid larvae were processed. Identification to lowest taxonomic level possible was done under a compound microscope (Leica DM4000B). For chironomid larval identifications keys by Andersen et al. (2015) and Schmid (1993) were applied.
Statistical analyses were conducted using the package vegan (Oksanen et al., 2016) in R (R Core Team, 2016). Sample size was considered through rarefaction. We tested for changes in the hot spring community of the springs Hvammkotslaug and Maelifellslaug by comparing the N o n -c o m m e r c i a l u s e o n l y invertebrate composition in our surface samples for these sites with data provided in Tuxen (1944) , using Fisher's Exact test with Monte Carlo simulation for p-values. For a few taxa (e.g., Collembola and Scatella tenuicosta f. thermarum), Tuxen indicated the number of individuals with "∞" or infinite. As this is not a value which can be included in statistical analysis we replaced it with the number "50" as a measure of large numbers of individuals.
To study whether Tuxen's spring classification based on temperature is ecologically relevant for Chironomidae on the genus/species level, we grouped sites following his grouping into "cold", "tepid" and "hot" and compared their chironomid community composition using adonis, an ANOVA-like permutation test implemented in the vegan R package (see Oksanen et al., 2016) . To detect which taxa were responsible for the differences in community composition between the temperature classes, we conducted an indicator species analysis using the R package indicspecies (De Cáceres and Legendre, 2009 We furthermore performed a Nonmetric Multidimensional Scaling (using metaMDS) on the species data to see whether chironomid communities clustered in a pattern that could be explained with temperature classes of the springs.
RESULTS
We obtained a total of 30,988 invertebrate specimens belonging to 14 orders. Chironomidae larvae were the most dominant group both in terms of abundance (with a total of 16,874 specimens) and in number of taxa (19). The subfamilies Orthocladiinae and Diamesinae were by far the most abundant, represented by 12 and 2 taxa, respectively. Chironominae were represented by only two genera (Micropsectra Kieffer 1909 and Chironomus Meigen 1803), and Tanypodinae by three genera (Procladius Skuse 1889, Macropelopia Thienemann1916, Tuxen (1944) , we obtained eleven sites in the category "cold", six in "tepid" and seven in "hot". Differences in chironomid communities between temperature categories were highly significant for the surface samples (ANOVA-like permutation test (adonis), F Model=4.051, P=0.001) (Fig. 2a) , and also significant for the source samples (ANOVA-like permutation test (adonis), F Model=1.954, P=0.023) (Fig. 2b) . To evaluate the differences among the groups we tested all pairwise comparisons, i.e. "cold" against "tepid", "tepid" against "hot", and "cold" against "hot". At the surface, differences in the temperature classes were due to differences between "tepid" and "hot", and between "cold" and "hot", even after taking multiple comparisons into account, applying the Bonferroni correction, whereas "cold" vs "tepid" was not significant (ANOVA-like permutation test (adonis): Cold vs tepid: F Model=0.992, P=0.426, tepid vs hot: F Model=5.306, P=0.002, cold vs hot: F Model=6.226, P=0.001). A similar pattern was found for the source, with differences between "tepid" and "hot", and between "cold" and "hot" (ANOVA-like permutation test (adonis), cold vs tepid: F The metaMDS analysis showed that in the surface samples, chironomid communities were clustered according to temperature classes (Fig. 3a) , with a clear separation between cold and hot springs and less clear separation for tepid springs, whose communities seemed to group within the cold spring communities. In the source samples, the pattern looked similar but the clustering of chironomid communities into spring temperature classes was less obvious (Fig. 3b) .
Higher diversity (Shannon Diversity Index, H 1 ) was generally observed in the tepid springs than in the cold and the hot springs at the surface, whereas the opposite was the case at the source (Fig. 4) . Differences in the Shannon Diversity Index between temperature classes were significant at the surface (Kruskal-Wallis Rank Sum Test, chi-squared=6.555, P=0.038) but not at the source (Kruskal-Wallis Rank Sum Test, chi-squared=2.799, P=0.247). However, when we tested temperature classes in surface samples in pairwise comparison using Wilcoxon Rank Sum Test, no differences could be found. Neither Taxa number nor Evenness differed significantly between temperature classes at either source or surface.
DISCUSSION
The environmental parameters measured for the hot springs Hvammkotslaug and Maelifellslaug have not changed over the past 80 years (Tab. 2). Although all the species found by Tuxen were also found in the present study, there were statistical differences in their community composition between 1937 and 2016. This was the case both for the invertebrate community on order/family level and the chironomid community on genus/species level. Tuxen (1944) , were Acarina and Ostracoda for both Hvammkotslaug and Maelifellslaug, and Cladocera and Oligochaeta for Maelifellslaug. One has to be careful, though, to draw conclusions based on absence data, especially when lacking information on exact sampling methods. It may be that the four invertebrate groups found now were present at the sites in 1937 but for some reasons were not represented in the samples. However, Tuxen reported all four taxa for other springs, both cold and hot (Tuxen, 1944) . Similar is the case of the chironomid taxa Arctopelopia sp. and Micropsectra sp. that were found now. Tuxen reported Micropsectra sp. for a cold spring in Skagafjörður, in close vicinity of Maelifellslaug, so we know that the genus did occur in the area in 1937. In 2016, both Arctopelopia sp. and Micropsectra sp. were found in very low numbers in Maelifellslaug, namely six and two individuals, respectively. The absence of these genera in Tuxen's samples taken from Maelifellslaug could be attributed to random variance in the samples, or else they represent a more recent colonization. Overall, it seems that hot springs may provide stable habitats over decades and that their dominant invertebrate groups have been the same during the past 80 years.
Tuxen's classification of springs according to their relative temperature is based on the mean annual air temperature of a given place (Tuxen, 1944) , and the split between tepid and hot corresponds well to larger areas such as the average temperature in July both for Reykjavík, SW.-Iceland (13.3°C) and Akureyri, N.-Iceland (14.5°C) today. We assigned our springs to Tuxen's temperature classes and compared their chironomid community composition. There are species exclusively found in one of the temperature classes (e.g., Cricotopus tibialis Meigen 1804 and Limnophyes sp. Eaton 1875 only in tepid and the rare Procladius sp. only found in hot springs; Tab. 2). Cricotopus sylvestris was found to be an indicator species for the hot springs. Diamesa spp. characterize the tepid and cold springs, and Eukiefferiella minor was found to be an indicator species for tepid springs at the surface and for cold springs at the source. It should though be noted that several species were represented in the samples in low frequencies and may give stronger associations with temperature with increased sampling. Differences in community composition were highly significant for the samples collected from the surface, but less so for the samples collected at the source openings. A plausible explanation could be that the surface community is generally more diverse than the source community, with a higher number of both species and individuals. A high number of species could promote inter-specific competition and niche partitioning along an environmental gradient (e.g., pH, altitude, spring type, vegetation density). This could lead to a high variability in invertebrate composition among springs with respect to environmental factors such as temperature. It has been shown that spring fauna is highly individual (Erman and Erman, 1995; Lencioni et al., 2011) depending on the occurrence of different microhabitats and local environmental conditions (Bottazzi et al., 2011) . As opposed to the surface community, the source community is made up of fewer, often more cold adapted species (Ólafsson et al., 2010) , e.g. Orthocladius frigidus, Micropsectra sp., Eukiefferiella minor, Diamesa spp. The more uniform chironomid communities at the source compared to the surface could result from the mitigating and stabilizing influence of groundwater on the water temperature (Holmes, 2000) . The invertebrate community at the source opening could experience less fluctuations in environmental variables, and therefore inter-species competition may be less dynamic and community composition might have more opportunities to stabilize as a result of competition outcome. Additionally, the source opening is generally less vegetated and often quite uniform in terms of substrate, which may result in fewer microhabitats and thus fewer potential for ecological niches. It has been suggested that competitive exclusion would reduce diversity in simple and stable habitats such as hot springs (Mitchell, 1974) .
The reported differences in chironomid community composition in "cold", "tepid", and "hot" springs, seem to justify Tuxen's spring classification on an ecological basis, especially for the benthic substrate community of springs. The results of the nonmetric multidimensional scaling suggest a clear separation of sites in the temperature class "hot", but not for the temperature classes "tepid" and "cold" (Fig. 3) . This separation is stronger at the surface (Fig. 3a) than at the source (Fig.  3b) . However, it is important to note that within the class "tepid" there were two species only found in that class. That "tepid" springs should be treated as a category on its own instead of being merged with the category "cold" can to large extent be justified by the presence of such species only found in that category. It is clear that water temperature is, although a main factor, not the only variable contributing to the community composition in springs. Factors such as pH (Bottazzi et al., 2011; Govoni et al., 2018) , elevation (Lencioni et al., 2011) , geographical location (Di Sabatino et al., 2003) , and spring type, i.e. hydraulic conditions (Govoni et al., 2018) have been shown to influence invertebrate diversity in springs. The springs studied here inevitably differ in those factors additionally to the range in water temperatures, which makes it hard to disentangle interrelations. There have been other classification schemes put forward for hot springs in Iceland, e.g., the spring classification used by Þórðarson (1981) and based on Schwabe (1933) (Þórðarson, 1981 ). Tuxen's spring classification reflects differences in invertebrate communities of springs in more details at the colder part of the spectrum than the classification of Schwabe (1933) , and is in our opinion a clear and plausible way to transfer ecological data into a message easily understandable by laymen and politicians when protection strategies have to be discussed. Keeping a spring classification as simple as possible by basing it on a single but relevant environmental factor such as temperature can be important in the context of regulations in nature conservation.
CONCLUSIONS
Here we find support for Tuxen's spring classification based on temperature as ecologically relevant for the benthic surface chironomid community of springs, with a clear separation of communities of cold, tepid and hot springs. Comparison with data on hot spring fauna in Iceland collected in 1937 reveals little to no change in both environmental conditions and species composition over the past 80 years. Although springs seem to provide stable habitats over years and decades, their invertebrate communities are not immune to changes. Ecological studies on springs and geothermal areas are necessary in order to emphasize their status as unique and sensitive habitats and consider them in nature conservation regulations. 
